The effect of substitution elements on hysteresis and flatness of the equilibrium pressure plateau in Zr x Ti 1¹x Mn 0.8 V 0.2 Ni 1.0 was investigated and suitable hydrogen storage alloys for a metal hydride (MH) actuator in rehabilitation devices were developed. By changing the Zr/Ti ratio, the equilibrium pressure was tuned for the MH actuator. Al substitution made the hysteresis factor smaller, while Fe and Cu substitution did not. In addition, it was confirmed that ferrovanadium is available in these alloys to reduce not only the material cost but also the hysteresis factor leading to better properties for the MH actuator. The developed Zr 0.5 Ti 0.5 Mn 0.8 V 0.2 Ni 0.9 Al 0.1 showed no significant reduction of hydrogen capacity and no significant change in the shape of the pressure-composition (P-C) isotherms even after 1000 cycles.
Introduction
An actuator is a type of device for creating motion from an energy source. There are various kinds of actuators such as electric motors, hydraulic and pneumatic cylinders, etc. Since they contain air compressors or large reduction gears for low speed operation and high torque, these actuators are heavy, large and noisy. Therefore, it is not comfortable to use them in rehabilitation devices for extended periods. The requirements for such actuators are compact design, human-like soft actuation, slow speed, lack of noise and environmental safety. 1, 2) One of authors has developed a new soft actuator using hydrogen storage alloys which compactly store a large amount of hydrogen.
3) It is called a metal hydride (MH) actuator. In the MH actuators, hydrogen gas released from hydrogen storage alloys is used to create motion. Figure 1 shows the working principle of the MH actuators. When hydrogen storage alloys are heated, heavy stuff is lifted by released hydrogen. The kinetics and obtained force (pressure) can be controlled by temperature of hydrogen storage alloys. Therefore, the MH actuator is compact and silent. In addition, the MH actuators have human-like soft actuation because the source of motion is a gas. 2) We have also tried to apply the MH actuators as a jack to lift heavy objects in disaster situations. 4) The MH actuators can work without any power supply infrastructure; the necessary heat is generated by chemical reactions such as CaO+H 2 O. In our jack application, 60 kg of weight blocks were successfully lifted by the gas desorbed from only 6 gram of LaNi 4.45 Co 0.5 Mn 0.05 . 4) The requirements for hydrogen storage alloys for the MH actuators are long cycle life, suitable equilibrium pressure for applications, small hysteresis, flat plateau, ease of initial activation, and cost. The volumetric density and weight density of hydrogen in these alloys are not a significant issue for the MH actuators, because they require so little hydride material for their operation. Figure 2 shows a schematic image of pressure-composition (P-C) isotherms at two different temperatures. The working pressure is the difference between the absorption pressure at the edge of the lower temperature plateau (closed circle in Fig. 2 ) and the desorption pressure at the edge of the high temperature plateau (open circle in Fig. 2) . If the hysteresis becomes smaller and/or the plateau becomes flatter, the obtained pressure increases or the operation temperature range decreases to obtain the same pressure, while the obtained pressure is reduced if the hysteresis is large and/or the plateau slants. Therefore, it is important to develop hydrogen storage alloys with smaller hysteresis and flatter plateau for more efficient MH actuators.
Several types of hydrogen storage alloys such as LaNi 5 , 5) TiFe, 6) V based BCC 7, 8) and TiMn 2 9,10) have been developed. TiFe and V based BCC alloys have problems for the initial activation, hysteresis and cycle life while LaNi 5 shows a flat plateau and ease of initial activation. In LaNi 5 , in addition, a small amount of substitution makes the hysteresis smaller and improves the cyclic life. 11, 12) 15) They improved the hysteresis and slope of the plateau by changing the composition and annealing conditions. 15) However, the hysteresis still needs to be improved for the MH actuators and the working temperature and pressure ranges for the heat pumps are different from those for our MH actuators. In this paper, therefore, the effect of substitution elements on hysteresis and flatness of plateau in Zr x Ti 1¹x Mn 0.8 V 0.2 Ni 1.0 was investigated and suitable TiZr Mn based hydrogen storage alloys for the MH actuator in rehabilitation devices were developed.
Experimental Procedure
Around 20 grams of samples were prepared by arc melting under an Ar atmosphere. The as-cast alloys were annealed at 1273 K for 1 day in an Ar atmosphere. Some of the ingots were purchased from Japan Metals & Chemicals Co., Ltd. Their sample preparation conditions are the same as ours except for the sample amount (several kg). Several pieces of small ingots were put into a stainless steel vessel for measuring P-C isotherms. Before measuring P-C isotherms, the vessel was evacuated by a rotary pump at around 423 K for several hours. P-C isotherms were measured in the temperature range from 293 to 353 K. The cyclic properties were measured at 298 K or 303 K. The applied initial hydrogen pressure was high enough to transform to hydrides. The hydrogen desorption was carried out by evacuating the vessel using a rotary pump at 298 K or 303 K. The reaction time for hydrogen absorption and desorption was around 15 30 min. The hysteresis and flatness of plateau were evaluated as follows;
where P ab and P des are the equilibrium pressure in absorption and desorption processes, respectively. H/M @1 and H/M @2 are the hydrogen content at the beginning and the end of plateau region, respectively and P @1 and P @2 are the measured pressure at H/M @1 and H/M @2 .
Temperature-swinging hydrogen absorption and desorption kinetics were measured with a Sieverts apparatus. The sample vessel was put into coolant at 298 K for absorption and oil bath at 353 K for desorption.
XRD data for the alloys and their hydrides were obtained using a diffractometer (Rigaku, RINT 2500V) with Cu K¡ X-ray. Data were collected in the 2ª region between 15 and 100°at a power of 50 kV and 200 mA. All XRD data obtained in this work were analyzed using the Rietveld refinement program RIETAN-2000. 1618) Silicon powder (NIST 640c) was used as an external standard to calibrate the diffractometer.
Results and Discussion

Effect of Zr/Ti ratio on P-C isotherms
XRD patterns of Zr x Ti 1¹x Mn 0.8 V 0.2 Ni 1.0 (0.5¯x¯0.8) alloys showed that the main phase was Laves phase with space group P6 3 /mmc. The lattice constants monotonically increased with increasing the Zr/Ti ratio because the atomic size of Zr (0.162 nm) is larger than that of Ti (0.147 nm). This tendency agrees well with previous report on Ti 1¹x Zr x Mn 2 . 19 ) Figure 3 shows the P-C isotherms measured at 293 K and the change in hysteresis and slope factors against Zr content, x. These samples reversibly absorb and desorb more than 1.0 H/M at 1 MPa. XRD data showed that the crystal structure of these hydrides was same as that of the alloy phase and the lattice volume of the alloy was expanded by around 25% upon hydrogen absorption independently of their alloy composition. The equilibrium pressure decreased with increasing the Zr/Ti ratio. The absolute values of the formation enthalpy, ¦H in absorption and desorption were increased from 29.5 kJ/molH 2 to 35.2 kJ/molH 2 and 33.3 kJ/molH 2 to 39.7 kJ/molH 2 , respectively with increasing the Zr/Ti ratio. For our applications, the plateau pressure in absorption must be close to or lower than 0.1 MPa at room temperature. Therefore, these results indicate that x = 0.50.6 is suitable. Since these samples showed large hysteresis, the hysteresis factors and slope factors were evaluated. The slope factors were less than 0.45 and the plateau was flat enough. However, the hysteresis factors were in the range from 0.45 to 0.71. The hysteresis needed to be improved for the MH actuators. Figure 4 shows P-C isotherms in the 2nd and 50th cycles, the cyclic durability and change in hysteresis and slope factors of Zr 0.6 Ti 0.4 V 0.2 Mn 0.8 Ni 1.0 during 50 cycles. No significant change in the shape of P-C isotherms was observed and the reduction of hydrogen capacity was less than 2% over 50 cycles. In addition, hysteresis and slope factors remained almost constant. These results indicated that the cyclic durability of Zr 0.6 Ti 0.4 V 0.2 Mn 0.8 Ni 1.0 was good.
Effect of substitution elements on hysteresis
In order to reduce the hysteresis factor, the substitution effect on hysteresis was investigated in Zr 0. 6 that Al is the best substitution element among those studied to reduce the hysteresis factor. The substitution effect on hysteresis in LaNi 5 alloys has been investigated previously.
2022) Fe substitution in LaNi 5¹x Fe x (x¯1) did not influence the hysteresis factor. 20) Substitution by Al and Sn into LaNi 5 dramatically reduced the hysteresis factors and decreased the equilibrium pressure with increasing the amount of the substitution. 21, 22) Therefore, the substitution effect on hysteresis in Zr 0.6 Ti 0.4 Mn 0.8 V 0.2 Ni 0.9 M 0.1 was similar to those in LaNi 5 .
The dependence of the amount of Al substitution on the hydrogenation properties of Zr 0.55 Ti 0.45 Mn 0.8 V 0.2 Ni 1.0¹x Al x (x¯0.1) was also investigated. XRD patterns showed that the lattice constants increased linearly with increasing Al content. The equilibrium pressure and the width of plateau region were decreased with increasing Al contents as shown in Fig. 7(a) . Vanadium is known as an expensive element. In order to reduce the material cost, the effect of purity of vanadium on hydrogenation properties was investigated in Zr 0.55 Ti 0.45 -V 0.2 Mn 0.8 Ni 1.0 using vanadium with low oxygen content (around 200 ppm) and high oxygen content (around ten thousands ppm) and ferrovanadium whose chemical composition is V 80 Fe 10 Al 8 Si 2 . All samples showed single phase of Laves phase in space group P6 3 /mmc. As shown in Fig. 8 , the sample containing high oxygen vanadium showed similar hydrogenation properties to that with low oxygen vanadium. It is known that existence of oxygen in pure V and VTiMn with BCC structure increased equilibrium pressure. dium is the best material among vanadium elements for MH actuators. Fig. 9(c) . In addition, an 8% reduction of the hydrogen capacity was observed after 700 cycles. Because the changes in the hydrogen capacity, the equilibrium pressure, and the flatness of plateau were not saturated at the 700th cycle as shown in Fig. 9(d Figure 10 shows the temperature-swinging hydrogen absorption and desorption kinetics of Zr 0.5 Ti 0.5 Mn 0.8 V 0.2 -Ni 0.9 Al 0.1 . When the sample vessel was put into an oil bath at 354 K, the hydrogen content decreased from 0.812 to 0.226 H/M and hydrogen pressure increased from 0.22 to 0.56 MPa. When it was put into coolant at 303 K, the hydrogen content increased from 0.226 to 0.813 H/M and hydrogen pressure decreased from 0.56 to 0.22 MPa. These results indicate that all hydride in the sample vessel transformed to their solid solution phase during heating and returned to the hydride phase completely during cooling. 80% of absorption and desorption reactions were completed in 2 and 7 min, respectively. Those in LaNi 4.45 Co 0.5 Mn 0.05 were done in 3 and 6 min, respectively. The kinetics of these samples was similar. 29) The reaction kinetics in both alloys should be improved to be less than 35 min even though the kinetics is not the highest priority for the MH actuator. Our preliminary work indicated that the kinetics in absorption and desorption reactions became faster when LaNi 4.45 Co 0.5 Mn 0.05 was mixed into a paper. 29) One of reasons is that thermal conductivity probably became high because the powder sample closely contacted with papers. Therefore, it is thought that the kinetics can be improved by mixing with papers, 29) by coating with Cu, 3) by pelletizing or by changing a design of a sample vessel to increase thermal conductivity.
Cyclic properties and Hydrogenation kinetics
Conclusions
The effect of substitution elements on the hysteresis and flatness of the plateau pressure has been investigated and suitable TiZrMn based hydrogen storage alloys for MH actuators in rehabilitation devices were developed. Al was one of the best elements for reducing the hysteresis factors in TiZrMn based hydrogen storage alloys. The use of ferrovanadium was effective because the material cost is reduced and the Al impurity in ferrovanadium reduced the hysteresis factor. 
